Abstract Drought indices, such as the Standardized Precipitation Index (SPI) are used to quantify drought severity. Due to the SPI probabilistic and standardized nature, a given value of SPI computed in distinct time periods or locations indicates the same relative drought severity but corresponds to different amounts of precipitation. Thus, the present study aims at contributing for a comprehensive analysis of the influence of long-term precipitation variability on drought assessment by the SPI. Long records of monthly precipitation, spanning from 1863 to 2007 in several locations across Portugal, were divided into 30 years sub-periods and the SPI with 12-month time scale (SPI-12) was computed for each sub-period and for the entire period of records. The probability distributions adjusted to precipitation in those different time periods were compared envisaging to detect the SPI sensitivity to the reference period and, therefore, to changes in precipitation. Precipitation thresholds relative to the upper limits of SPI-12 drought categories were obtained and the influence of the time period was investigated. Results have shown that when SPI values derived from the full data record for a recent time period are lower/higher than the SPI values derived from data of the considered time period a recent downward/upward shift of precipitation has occurred. Coherently, a common pattern of drought aggravation from the initial until the more recent period was not detected. However, in southern locations, lower precipitation thresholds of the SPI drought categories were generally found in the more recent period, particularly for more severe drought categories, whereas in the northern locations Porto and Montalegre, an increase was detected. The impacts of the reference period on the computed SPI drought severity and frequency are shown, bringing to discussion the need for updating´normal´conditions when long term precipitation records are available and precipitation changes are observed.
Introduction
Drought is a natural temporary imbalance of water availability, consisting of a persistent lowerthan-average precipitation, of uncertain frequency, duration and severity, of unpredictable or difficult to predict occurrence, resulting in diminished water resources availability and carrying capacity of the ecosystems (Pereira et al. 2009 ). There are numerous definitions for drought and its perception varies with the water sectors affected, and its frequency or severity may be aggravated by climate change.
Standardized drought indices computed from precipitation, evapotranspiration, streamflow or soil moisture have been used to monitor drought and to quantify drought severity. The standardized precipitation index (SPI) is the most widely used. SPI values quantify deviations from 'normal precipitation' (McKee et al. 1993) . SPI values are classified in drought (wetness) categories, with the more negative values indicating a more severe drought category (McKee et al. 1995) . The World Meteorological Organization recommends its inclusion in drought monitoring systems since 2009 (WMO 2012) . As a result of the evaluation of drought indices in the quantification of meteorological drought using a combined pool of criteria (Keyantash and Dracup 2002) , the SPI is surpassed by rainfall deciles in transparency and by cumulative precipitation anomalies in dimensionality. Transparency refers to the way an index of drought is understandable by the scientists, stakeholders and the public, and dimensionality refers to the link of the index to a physical quantity. The index is obtained from the adjustment of a probability distribution function (pdf) to the precipitation cumulated over a given number of months denoted as time scale. Shorter time scales are appropriate to monitor the effects of precipitation shortages in soil water storage and agriculture, while longer time scales are used to monitor drought effects on surface and ground water resources.
Despite SPI is the most used in Portugal, other drought indices have also been used in the country, namely the Palmer Drought Severity Index (PDSI, Palmer 1965) , which combines precipitation and evapotranspiration to define a deviation from normal through a soil water balance, and a modification of the PDSI (MedPDSI, Pereira et al. 2007 ) to better perform the soil water balance using an olive crop as standard perennial crop . Moreira et al. (2012) reviewed numerous studies aimed at detecting any possible aggravation of drought frequency and severity in Portugal and in the Iberian Peninsula showing nonincreasing trends for northern Iberia and varied trends for central and southern regions. Those authors investigated the temporal drought aggravation applying generalized log-linear models and statistical inference to long time series and their decomposition into sub-periods using the SPI. Their results did not support the assumption of a trend of drought aggravation that could be related to climate change but cycles corresponding to the considered sub-periods where drought was more frequent and severe followed by others where frequency and severity were lower. However, comparing the last period of 27 years with the precedent one they concluded that drought occurrence and severity increased during that last period with exception of the northern region. The studies by Santos et al. (2010) ; Martins et al. (2012) ; Paulo et al. (2012) and Raziei et al. (2015) did not evidence trends for either an increase or decrease of drought occurrence or severity in most of the country. De Lima et al. (2010) studied trends for precipitation in Portugal using long data sets, ranging between 88 and 145 years and did not found a generalized significant long term pattern of change but a sequence of alternating periods of decreasing and increasing trends in both annual and monthly precipitation, which were sometimes statistically significant. The results by Moreira et al. (2012) were in the same line. The analysis of trends and correlation in annual extreme precipitation indices (de Lima et al. 2015) led to conclude that there is an important but not statistically significant decrease in regional average annual precipitation.
Due to its standardized nature, the same negative SPI value computed in different locations or time periods corresponds to the same relative drought severity but to different amounts of precipitation. The relative measure provided by the SPI would be more transparent if accompanied by an absolute value of the monthly precipitation thresholds relative to the SPI drought categories as shown by Paulo and Pereira (2008) and Portela et al. (2012) . However, the SPI depends on the pdf adopted, on the method used for parameter estimation and on the reference time period used in the estimation. Although some authors advocate the Pearson III distribution (Guttman 1999; Vicente-Serrano 2006 ) the gamma distribution is the more common worldwide and has been adopted in various Portuguese studies following previous tests (Paulo et al. 2003; Paulo and Pereira 2006) . However, the precipitation thresholds relative to the severity drought categories were already considered (Paulo and Pereira 2008) and may consist of a first step for the application of the SPI to future precipitation scenarios.
Impacts of future climates on aridity and drought have been addressed by several authors using the SPI and several modifications to this index (Loukas et al. 2008; Dubrovsky et al. 2009; Dai 2011; Sienz et al. 2012; Russo et al. 2013; Jeong et al. 2014; Zargar et al. 2014; Zarch et al. 2015) . Loukas et al. (2008) computed the SPI in Thessaly-Greece with the gamma distribution adjusted separately for the base time period 1960-1990 and for two future periods, 2020-2050 and 2070-2100. These authors concluded that the annual drought severity increased for the future scenarios for all target hydrological areas. However, they did not consider possible differences in the precipitation deficits that are associated with the severity categories.
In the context of climate change some alterations to the SPI were proposed in relation to impacts on drought, either with the objective of comparing present conditions and future climates or to include trends in the probability model accounting for the non-stationarity in precipitation. Dubrovsky et al. (2009) proposed a relative SPI derived from a reference precipitation time series with the aim of between-stations comparison considering present climate conditions and future climates. The same authors noted that the pdf obtained for the reference period used to compute the SPI in different time periods, e.g., periods with future climate data, may lead to errors due to lack of fit of the pdf to those various periods, namely relative to the tails of the pdf curves. Russo et al. (2013) presented a new formulation of the SPI applied to model-simulated precipitation under greenhouse forcing gradual changes; precipitation outputs from climate models were modelled by a gamma distribution with the scale parameter varying linearly with time, and the modified SPI, denoted as nonstationary Standardized Precipitation Index (SnsPI), was compared with the SPI relative to the full period. These authors reported that SnsPI performed better than SPI to describe simulated precipitation changes. Zargar et al. (2014) modified the SPI calculation with the objective of modelling the effects of the shift in precipitation normals on drought frequency. These authors built confidence intervals for the parameters of the gamma distribution and applied an enhanced p-box method for studying climate change effects on SPI drought frequency. Assuming non-stationarity of at-site precipitation series, a time-dependent SPI (SPIt) was developed and applied to historical records of summer precipitation in the Luanhe River basin, China (Wang et al. 2015 ). The mean is described by a polynomial function of time and, as a result, the scale parameter of the gamma distribution is time dependent. This approach is similar to the one proposed by Russo et al. (2013) replacing the linear variation of the scale parameter of the gamma distribution by a polynomial variation with time.
Considering the brief review above and the need to better understanding the possible variation of the precipitation thresholds associated with the SPI categories, the present study aims to analyse the influence of precipitation changes on the SPI dynamics and on drought assessment. With this purpose, using very long precipitation data series, the gamma pdfs of precipitation, the SPI and the precipitation thresholds relative to various SPI drought categories for the entire period of observations and for various sub-periods were analysed to take into consideration actual precipitation changes.
Precipitation Data and Partition in Sub-Periods
Long records of monthly precipitation from 9 meteorological stations across Portugal (Fig.1 ) were used in this study. The study was conducted for locations used by Moreira et al. (2012) having monthly precipitation with at least 99 years. The data records were divided into subperiods with a minimum record length of 30 years. The altitude and coordinates of the stations, dates of beginning and ending of precipitation records, record length and duration of the first sub-period preceding 1911, are presented in Table 1 .
Annual precipitation was statistically examined for homogeneity. Linear trends, autocorrelation and changes in the median and in the variance were investigated through non-parametric tests. Due to the uncertainty and subjectivity involved in the adjustment of a single site (Rhoades and Salinger 1993) , the original series were not corrected similarly to the procedure adopted by Santos et al. (2010) in the analysis of spatial and temporal variability of droughts in Portugal based on 94 years of precipitation data. However, positive linear trends and changes in the median and in the variance of precipitation were detected in Montalegre and Faro; the first is the more northern station, located at high altitude and having annual median precipitation above 1000 mm, and the second is the more southern station, located by the coast and having an annual median precipitation below 500 mm, Precipitation time series were divided into sub-periods: prior to 1911, 1911 to 1943, 1944 to 1975 and 1976 to 2007 . The criteria adopted for this partition was based on the time series length, on drought identification with SPI in the nine stations considering the full period of records, on results of a previous study with the same data (Moreira et al. 2012) , and on previous drought studies applied to southern Portugal relative to the period 1932-1999 (Paulo et al. 2003, Paulo and Pereira 2006) and to the entire country in various periods (Santos et al. 2010; Martins et al. 2012) . Main droughts were identified in those studies for the years of 1944-1945, 2004-2006, 1949 and 1980-1981, all with a regional coverage of more than 60 % of the area.
Box plots of annual precipitation (Fig. 2 ) from October to September in 4 or 3 sub-periods according to the length of data records highlight differences between sub-periods and locations. The boxes range from the 1st to the 3rd quartile, the bold line represents de median and the plot whiskers the extremes; the outliers are not represented. Greater median values are observed in Montalegre, located at higher altitude, and Porto, both in the northern region, and also in S.Brás de Alportel, in the south, located in the south downhill side of Serra do Caldeirão.
Methods
The SPI is a probabilistic drought index. A probability distribution is adjusted to the k-months cumulative precipitation, where k is the SPI time scale, for each calendar month. Therefore, twelve distribution functions are independently obtained. The cumulative probability associated with an observed precipitation amount is estimated from the adjusted distribution function and is then transformed into a standard normal quantile, the SPI, as described by McKee et al. (1993) . The two parameter gamma distribution was adopted with the probability density function defined by
where Γ is the gamma function, and α and β are the shape and scale parameters. The parameters were estimated by the maximum likelihood method.
2) Calculation of the probability for each precipitation event p ¼ F x; b α; b β .
3) Calculation of the standard normal quantile SPI = ϕ −1
(p) where ϕ (x; 0, 1) is the standard normal distribution.
Assuming a perfect fit between the adjusted pdf and the empirical distribution of precipitation it is possible to identify the precipitation depths corresponding to the SPI threshold values if the distribution F(x) is known, the gamma distribution in the present application. With this purpose, the SPI value is transformed into the non-exceedance probability p through the normal distribution p = ϕ (SPI), resulting that the corresponding precipitation depth is
Drought is classified according to SPI values. McKee et al. (1995) proposed four drought categories: near normal/mild, moderate drought, severe drought and extreme drought ( Table 2 ). The SPI is normalized, so the cumulative probabilities relative to the upper thresholds of SPI drought categories are obtained from the normal distribution.
The SPI provides a relative measure of drought severity, thus allowing comparisons between locations and between time periods for a given location. An SPI value in the interval (−1.5,-2) is classified everywhere as a severe drought. However, a given SPI value obtained in different locations or, in the same location using a different reference period, corresponds to different precipitation deficits, i.e., the difference between the observed and the median. Therefore, the SPI index should not be used for absolute drought comparisons between stations or, for a given station, between time periods if appropriate complementary information is not available. In the present study, the SPI is not only obtained with a pdf adjusted for the complete precipitation series but it is also computed separately for each time sub-period. This approach assumes the hypothesis of coherence between precipitation observed in a given time period and the probability laws governing the occurrence of precipitation during the same period.
A 12-month time scale identifies cumulated precipitation deficiencies over a large period, is well related with the impacts of drought in water resources and is more adequate in the present (Mishra and Singh 2010) . Therefore, the SPI-12 was obtained for the nine locations and for the sub-periods defined above (Table 1 and Fig. 2 ) and for the full period of records. The normality of the SPI was verified in each period and calendar month through the Kolmogorov-Smirnov and the Shapiro-Wilk non-parametric tests (D'Agostino and Stephens 1986). As the Shapiro-Wilk normality test does not validate the parameters of the normal distribution the approach by Wu et al. (2007) , which considers that a distribution is not normal when the Shapiro-Wilk statistic is smaller than 0.96, the respective p-value is smaller than 0.10 and the absolute value of the median SPI is greater than 0.05, was also used. The moments of the gamma distribution, expected value, variance and asymmetry were obtained from the shape and scale parameters
and were estimated for the total period and the sub-periods. Differences in the parameter values between sub-periods relate to precipitation changes in the mean, variability and asymmetry, which are easier to interpret than comparing the shape and scale parameters of the gamma distribution.
The pdf curves and the histogram of precipitation for the total period and the sub-periods were plotted in the same graphics; similarly the cumulative distribution functions (cdfs) were plotted in a companion graphic to support visual comparisons.
The precipitation depths corresponding to the thresholds of the SPI categories were estimated within each time sub-period and the full period. Therefore, the near normal or mild drought category (−1 < SPI < 0) corresponds to a precipitation depth below the median (SPI = 0) and above the threshold of moderate drought (SPI = −1); similarly, for the the moderate, severe and extreme drought. The inter-comparison of time periods was also performed by examining the precipitation thresholds corresponding to the same drought categories. If the precipitation threshold of a given drought category in the recent period is lower/higher than in the precedent time period it means that a decrease/increase in precipitation has occurred. Conversely, the precipitation thresholds in a given time period correspond to different cumulative probabilities in another time period and may be classified in a different drought category. The inter-comparison is therefore ilustrated by a zoom of the lower tail of the cdf.
The frequency of SPI categories, for the total period and sub-periods was obtained by counting the number of months in those categories and values were tabled to support the comparison between the SPIs when computed for the full data record and for each sub-period.
Results

Changes in the Gamma Distribution Function
The goodness of fit tests applied to the SPI-12 have shown a good agreement with the normal distribution. The Kolmogorov-Smirnov did not reject the N(0,1) distribution of SPI in any time period, calendar month and location. The approach of Wu et al. (2007) led to only 2.9 % rejections of SPI-12 normality, i.e., 14 rejections in 480 tests. These results support the appropriateness of using the gamma distribution and the hypothesis of normality of the SPI-12.
It is known that changes in precipitation impact the parameters and the moments of the gamma distribution. The changes in the shape and scale parameters α and β of the gamma distribution vary from period to period but differently to the various locations (Table 3) . In Porto, Lisboa, Beja, S. Brás and Faro the shape parameter α decreases from the sub-period 1911-1943 to the last sub-period 1976-2007 while β increases. In other locations -Chouto, Pavia and Évora -α is higher in the sub-period of 1944-1975 while β varies inversely. α and β behave differently for Montalegre. This means that the variability of precipitation is tied to the considered locations.
The resulting values for the mean, the standard deviation and the coefficient of asymmetry estimated for the annual precipitation cumulated from October to September are presented in Table 4 . It can be observed that the highest mean precipitation refers to 1944-75 for all seven southern stations and to the later period in case of Montalegre and Porto, in the northern region. The lowest mean values are for 1911-43 except for Évora. The mean values computed with the full period of records are generally smaller than the mean relative to 1944-75. The differences in the precipitation mean relative to the highest and lowest mean values relative to the considered sub-periods is quite large at Montalegre, 391 mm, and small in Beja, 34 mm. Large differences, 150 and 105 mm, also exist for Chouto and Pavia respectively. The standard deviation is more often larger in the last period, 1976-2007 and not when the mean is larger. It can be observed that the coefficient of asymmetry is also more often larger in the sub-period 1976-2007.
The effects of the reference period on the gamma distribution relative to the 12 month cumulated precipitation October-September may be observed in the gamma pdf and cdf curves presented in Fig. 3 relative to the four stations with longer records, Montalegre, Porto, Évora and Lisboa. Necessarily the above referred differences in behaviour reflects on the differences among pdf and cdf curves, as for the examples in Fig. 3 . The cases when the mean values largely change have quite different cdf curves among sub-periods.
The pdf curves (Fig. 3) relative to the various sub-periods and the full period of records show greater differences in the northern mountainous station of Montalegre, where differences in the mean value are larger in absolute and relative terms. Somewhat similar behavior is observed for Chouto and Pavia (not shown), where differences in the mean are large. Contrasting, smaller differences are observable for Évora, in the south and at low altitude. Fig. 3 ). These differences also appear in the cdfs, on the right panel of Fig. 3 . In the station of Montalegre the cdf curves of the initial sub-periods are nearly superposed while the curves of the more recent sub-periods of 1944-75 and 1976-2007 are somewhat distant with the cdf relative to the full period lying in the middle, so reflecting the average conditions over the complete time of records. Differently, all other stations show cdf curves closer than in Montalegre. This indicates a smaller variability of precipitation, which is also evident from Fig. 2 and Table 3 . In Montalegre the median, i.e., the 12-month precipitation corresponding to a 0.5 cumulative probability, is higher for recent conditions. Generally, with exception for Évora, precipitation with higher non-exceedance probabilities in 1911-43 are lower than for other subperiods as shown by the cdfs on the right panel of Fig. 3 . However, as referred before, differences among sub-periods are smaller than for Montalegre.
Changes in SPI Precipitation Thresholds
A zoom of the lower tail of the cdfs relative to October-September is presented in Fig. 4 relative to the four stations having longer periods of records. The zoom allows to identify the SPI precipitation thresholds relative to moderate, severe and extreme droughts. These values correspond to the interception of the SPI horizontal lines with the cdf curves relative to the full period and the sub-periods. For a given location, the horizontal distance between two interception points relative to the various drought categories corresponds to the difference in precipitation for the considered sub-periods relative to the SPI thresholds. When differences in precipitation among sub-periods are large than the difference of the thresholds are also large. When the precipitation threshold values increase (decrease) this means that a given drought category is attained for a larger (smaller) precipitation than before. The distances between cdf curves at the lower tail are higher in Montalegre (and Chouto, not shown). Conversely, differences are smaller in Lisbon and Porto (and Beja, not shown). Montalegre is the location where the cdf curves of the various periods show an increase in the SPI precipitation thresholds from the earlier to the last period. A moderate drought was identified for 806 mm in the period prior to 1911 while for the last period, , that amount increased to 1046 mm (Table 4) . For the severe droughts, the threshold increased for full period before 1911 before 1911 before -1943 before 1944 before -1975 before 1976 before -2007 Zoom on the lower tail of the gamma cumulative distribution functions of Montalegre, Porto, Lisboa and Évora for the full period of records and four sub-periods with identification of the related SPI-12 thresholds of moderate, severe and extreme drought categories relative to the 12-month precipitation from October to September the same periods from 690 to 878 mm. This behavior is due to an increase of precipitation as identified in Fig. 2 and through trend analysis. Due to that increase, the month September 1989, with a 12-month cumulated precipitation of 832 mm, thus between the precipitation thresholds 731 and 878 mm (Table 4) relative to SPI = −1.5 and SPI = −1 and identified as severely dry, would be classified as moderately dry if the full period threshold interval, 711 mm to 859 mm, was applied. Differently, for Porto changes in precipitation thresholds among the four sub-periods are small (Fig. 4) . For Lisboa, Évora and Beja the precipitation thresholds increase and decrease through the considered sub-periods but the threshold relative to the last period is the small one. This may indicate a variable trend in annual precipitation depths. In Lisbon a severe drought was identified for a threshold of 459 mm prior to 1911 while for the latest period that threshold decreased to 416 mm (Table 5 ); for Porto, there is a small increase, from 795 to 807 mm, and for Évora there is a decrease from 373 to 343 mm. For all other stations, the smaller precipitation thresholds for the three drought categories generally refer to the period of 1911-43 and the larger ones refer to 1944-75. When considering the extreme drought category the comparison among sub-periods is generally similar to that for severe droughts. A possible interpretation is that droughts are probably not aggravating but they are somewhat responding to some cyclic variation as per the analysis performed by Moreira et al. (2012) , also in agreement with the trend analysis performed by Total  583  677  315  250  368  319  300  346  183   Before 1911  586  672  --388  310  ---1911-43  633  756  242  219  415  344  313  399  182   1944-75  593  653  456  311  370  370  310  418  204   1976-07  731  688  348  256  341  281  256  335  175 Santos et al. (2010); Martins et al. (2012) ; Paulo et al. (2012) and Raziei et al. (2015) . However, despite there is no evidence of aggravation of droughts in terms of SPI values, the meaning of the category of drought is certainly different when, for instance, a severe drought in Évora was attained when the precipitation was not above 408 mm, in 1911-43, and later was attained if precipitation did not exceed 343 mm. In fact, that difference of 65 mm may indicate that impacts of a severe drought have increased with the decrease of the precipitation. It is likely that instead of using a probabilistic and standardized drought index results could be different when using a deterministic and standardized index like PDSI or MedPDSI that determine the departure from normal conditions through a water balance using precipitation and evapotranspiration data.
Observing the series of SPI-12 in Montalegre, Porto, Évora and Lisboa (Fig. 5 ) computed for the full period and for each sub-period it is possible to observe a disagreement between the SPI-12 computed for the full data set and for the sub-periods. At Montalegre, the first two subperiods, prior to 1911 and 1911-1943, have higher SPI values when they are computed with the sub-periods data, inversely during the later sub-periods. This behaviour relates with the referred changes in the drought (and wetness) precipitation thresholds as analysed before. This result highlights an apparent increase of precipitation at Montalegre in the more recent time periods.
The SPI series for Porto behave similarly but with less evidence of changes; differently, for Lisboa and Évora there is a better agreement between SPI computed from the pdf adjusted for the full period and for the sub-periods, meaning that normal precipitation patterns are similar in the full period and sub-periods. Briefly if the SPI values in recent periods are lower/higher when using the full period as reference period instead of the sub-periods then a recent downward/upward shift of precipitation may have occurred. The´normal´conditions are therefore changing and an update of the SPI calculation should be considered. This could be particularly important when comparing past conditions with future if changes in precipitation are foreseen for future; it is then likely that SPI thresholds will be different, which may lead to biased interpretations of changes in droughts.
Changes in the Percentage of Time in SPI Categories
Changes in drought severity can be noticed when comparing the changes in the percentage of time in the drought categories of the full reference SPI series with those of the sub-periods (Table 6 ). Related changes in the SPI-12 time series for the full reference period and the subperiods are shown in Fig. 5 for Montalegre, Porto, Évora and Lisboa. The full period time series for Montalegre shows a marked difference between the full-period SPI-12 time series (black line) relative to the SPI-12 time series of the various sub-periods, a decrease of the percent of time in the more severe drought categories, and severe or extremely dry months do not occur since 1950. For the other locations there is not a persistent change signal, with alternate periods of more severe drought/wetness.
The percentage of time in moderate and more severe (combined severe and extreme) drought and wetness categories for each time period is shown in Table 6 for the nine stations using as reference period the full record and each sub-period. 3   1863  1867  1871  1875  1879  1883  1887  1891  1895  1899 1903 1907 1911 1915 1919 1923 1927 1931 1935 1939 1943 1947 1951 1955 1959 1963 1967 1971 1975 1979 1983 1987 1991 1995 1999 2003 2007 Évora full period before 1911 1911-1943 1944-1975 1976-2007 Fig. 5 SPI-12 at Montalegre, Porto, Évora and Lisboa computed for the full data period and for the sub-periods Differently, deriving the SPI from data relative to that period, a moderate wetness is identified for 8 % of time and more wet conditions for 7 % only. These results indicate that the frequency of droughts (wetness) identified through the time in each category are substantially different when the SPI is computed from the full data record or from the more recent period of observations. This behaviour is coherent with issues discussed before and reflects the detected changes in precipitation. The behaviour for Faro, where an increased precipitation trend was detected, is somewhat similar but mitigated because changes in precipitation are smaller than at Montalegre. For Porto differences in the frequency of drought (wetness) events when the SPI is computed from full data or from sub-periods data are relatively small. In the previous analysis it was observed that differences in precipitation thresholds were small, which may justify that behaviour.
In Évora, the SPI obtained from the full precipitation record identifies as dry (moderate or more severe) 10 % of the months in the time periods 1911-43 and 1944-75 and 27 % in 1976-2007 , very different from the balanced percentages of 21 %, 20 % and 18 % relative to the SPI sub-period time series. Particularly in 1976-2007, 17 % of months were identified as severe or extremely dry with the full record and that frequency decays to 6 % under 1976-2007 gamma distribution of precipitation. The results obtained for the full record parametrization may be explained by the negative but not significant trends observed in precipitation (not shown). In Lisboa and Beja, in the later period, the SPI obtained from the full record identifies 13 % of the months as severe or extremely dry in Lisboa and 15 % in Beja while for the sub-period those percentages decrease to 7 % in Lisboa and 8 % in Beja. An over estimation of drought frequencies in the later period by the full record distribution may indicate a recent precipitation decrease, which is also concordant with the decrease of the precipitation thresholds of drought categories in 1976-2007. For Chouto, when using the pdf adjusted to the full records a 2 % frequency of the moderate or more severely drought months in the second period, 1944-75, which contrasts with the 23 % occurrence in the period 1911-43 and 15 % in the more recent period; differently, it remains almost the same when pdfs are computed for the sub-periods. Pavia presents approximately the same tendencies for the 1911-43 and 1944-75 sub-periods. In S. Brás de Alportel, in South, there is a better agreement between the percentage of severe drought months for the full period and the sub-periods; however the first period is characterized by a marked difference relative to the wettest months, 8 % for the pdf of the full record versus 17 % for pdf of the sub-period.
These results show drought frequency similarities between alternate sub-periods in Chouto and Pavia and dissimilarities between the consecutive 1944-75 and 1976-2007 time periods in Évora, Beja and Lisboa relative to the percentage of severe drought months when considering a unique SPI time series.
Conclusions
The influence of the reference period in the SPI-12 computation was explored using long time series of precipitation segmented in sub-periods. Results have shown that when SPI values derived from the full data record for a recent time period are lower/higher than the SPI values derived from data of the considered time period a recent downward/upward shift of precipitation has occurred. The estimation of the precipitation thresholds for the moderate, severe and extreme drought categories, corresponding to SPI = −1, SPI = −1.5 and SPI = −2, complemented the information provided by the SPI. The joint plotting of the pdf and cdf computed for the full period and the different sub-periods allowed a visual comparison of the distributions and allowed to perceive that large differences in the SPI precipitation thresholds would be justified.
It was observed that long-term precipitation variability is reflected on the precipitation thresholds in different periods. The changes in precipitation from the initial until the more recent time period in locations where a positive trend holds, e.g. Montalegre, lead to higher drought precipitation thresholds; thus, a recent severe drought would be classified as moderate when the pdf would be adjusted to the full period of records.
In most of the stations, excepting the northern stations of Porto and Montalegre, the precipitation thresholds relative to a given drought category in the more recent period 1976-2007 are lower than in the precedent period likely meaning that a downward shift in precipitation may have occurred. The differences between the severe precipitation thresholds in the more recent and in the precedent period range from −140 mm in Montalegre to 114 mm in Chouto, therefore showing positive values in the southern stations, thus reflecting a possible decrease in precipitation. An over estimation of drought frequencies in the later period by the full record distribution was observed in Lisboa, Évora and Beja, which may also reflect a recent decrease in precipitation.
In conclusion, under persistent or cyclic changes in precipitation and when long precipitation time series are available, using the complete record as reference period to derive´normal conditions´for SPI computation masks the actual precipitation deficits/surplus. If precipitation changes are expected, such as in studies aimed at analysing future climate changes, the parametrization of the precipitation distribution and the SPI computation using as reference a period referring to the more recent or the studied climate, along with the estimation of precipitation severity thresholds, should be considered. Thus, results obtained herein, may point to a new approach in climate change studies that surpass the limitations inherent to using the SPI monthly pdfs of present climate to model future climates.
The problems detected using SPI are due to its probabilistic nature and may not be such if using a semi-deterministic index as PDSI (or MedPDSI) since these indices combine precipitation and evapotranspiration into a water balance to detect the departure from normal conditions. This approach could be adopted relative to assess impacts of future scenarios of climate change but are difficult to apply when comparing different sub-periods of calculations because weather data used for evapotranspiration calculations are generally scarce. However, this is a future objective of study.
